The secreted mannuronan C-5 epimerases from Azotobacter vinelandii form a family of seven homologous modular type enzymes, which appear to have evolved through duplications and point mutations in the individual modules. The catalytic A modules of these enzymes are responsible for generating the characteristic sequence distribution patterns of G residues in the industrially important polymer alginate by epimerizing M (β-D-mannuronic acid) moieties to G (α-L-guluronic acid). Forty-six different hybrid enzymes were constructed by exchanging parts of the sequences encoding the A modules of AlgE2 (generates consecutive stretches of G residues) and AlgE4 (generates alternating structures). These hybrid enzymes introduce a variety of new monomer-sequence patterns into their substrates, and some regions important for the subsite specificity or processivity of the enzymes were identified. By using time-resolved NMR spectroscopy, it became clear that the rates for introducing alternating structures and consecutive stretches of G residues are different for each enzyme, and that it is the ratio between these rates that determines the overall epimerization pattern. These findings open up new possibilities in biotechnology and in studies of the many biological functions of alginates.
INTRODUCTION
Alginate is a widely used polysaccharide with many industrial applications. It is composed of two monomers, M (β-D-mannuronic acid) and its C-5 epimer G (α-L-guluronic acid), linked to each other by 1,4 bonds [1] . The polymer is produced by brown algae and by some of the bacteria belonging to the genera Pseudomonas and Azotobacter. Probably, in all alginate-producing organisms, the polymer is first made as mannuronan, and the G residues originate from mannuronan C-5 epimerases acting at the polymer level [2] . The C-5 epimerases involved in the biosynthesis of heparin/heparan sulphate and dermatan sulphate also act at the polymer level and share some sequence similarity with the mannuronan C-5 epimerases [2] .
In contrast with most other polysaccharides, alginates are not composed of monotonously repeating units. Specifically, the relative content of M and G residues and their sequence distributions vary widely among alginates produced by different species, and even within different parts of one organism [1, 3] . This variability has a profound effect on the physiochemical properties of the polymer, and one particularly important parameter is the frequency and length of contiguous stretches of G residues referred to as G blocks. These blocks form the basis for the reversible and bivalent cation-based (typically Ca 2+ ) formation of gels [1] . In our laboratory, we have used Azotobacter vinelandii to study the origin of the variability in alginate structures. It has been found that the genome of this organism encodes a seven-member family (AlgE1-7) of Ca 2+ -dependent mannuronan C-5 epimerases, which are secreted to the surface and extracellular environment [4] [5] [6] . Interestingly, after expression in Escherichia coli, each epimerase has been found to introduce its own characteristic sequence distribution of G residues in the substrate, explaining the extensive variability in the monomer sequences of the alginates produced by A. vinelandii [7] . It is probable that this ability is biologically Abbreviations used: G, α-L-guluronic acid; M, β-D-mannuronic acid. 1 To whom correspondence should be addressed (e-mail helga.ertesvag@biotech.ntnu.no).
significant for the formation of a particular resting stage, designated cyst, characteristic of this genus [8] [9] [10] .
Each enzyme is composed of a varying number of two types of modules: A (approx. 385 amino acids) and R (approx. 150 amino acids). By using AlgE1 as a model, it has been shown that the A module alone is sufficient both for epimerization and for the determination of the sequence distribution [11] . As the amino acid sequences of all A modules are very similar to each other, it follows that a limited number of residues must be responsible for each of the specific epimerization patterns. The molecular explanation for this is of both biotechnological and biological significance and, in the present study, we describe the construction of hybrid epimerases by exchanging, at the DNA level, parts of the A modules between AlgE2 and AlgE4. These enzymes were chosen as models because AlgE2 is a G-block-forming enzyme, whereas AlgE4 almost exclusively generates alternating sequences known as MG blocks or (MG) n in the polymer chains [12, 13] . The resulting hybrids were expressed in E. coli and studied biochemically. It was found that all the hybrids were catalytically active and many of them generated alginates different from those of their parent enzymes. We believe that these discoveries are of both fundamental and applied interest and should stimulate a variety of further studies.
EXPERIMENTAL

Growth of bacteria
Bacteria were grown at 37
• C in L broth (10 g/l tryptone, 5 g/l yeast extract and 5 g/l NaCl) with shaking or on L agar. The media were supplemented with 200 µg/ml ampicillin or 12.5 µg/ml tetracycline when appropriate. For enzyme purification, E. coli JM109, containing the plasmid of interest, was grown in a medium containing 30 g/l tryptone, 15 g/l yeast extract and 5 g/l NaCl.
Construction of plasmids
Standard recombinant DNA procedures were performed as described by Sambrook and Russell [14] , whereas chemical transformations were performed as described by Chung et al. [15] . E. coli JM109 [16] was used in most of the study and E. coli JM110 [16] was used for producing unmethylated vector DNA. E. coli ES1301-mutS (Promega, Madison, WI, U.S.A.) was used for transforming mutagenized plasmids. The expression vector pTrc99A [17] was used for the production of all enzymes. When needed for mutagenesis, parts of the genes were transferred to pAlter-1 (Promega). Restriction sites in the coding regions were then inserted, using the pAlter site-specific mutagenesis system (Promega) and the helper phages R408 and M13K07. In two cases, mutagenesis resulted in the introduction of the amino acid of AlgE4 into the AlgE2 sequence. The different constructs (see Figure 3 ) were made by exchanging homologous parts of the genes using earlier constructs as donors and recipients. Plasmid pHH2 [18] was used as a source for algE2 and plasmids pHH4 [12] and pHH43 [12] as sources for algE4. The oligonucleotides used for mutagenesis were (changed nucleotides are underlined, and the introduced restriction site and any amino acid changes are shown in parentheses):
(1) 5 -CAACTCCACCTACGGGATCCAGGAGCGC-3 (BamHI, AlgE2 and AlgE4), 
Measurement of epimerase activities by radioisotope assay and NMR
Enzyme extracts were prepared as described by Ertesvåg et al. [7] , except that 20 mM Mops (pH 6.9), containing 3 mM CaCl 2 , was used both in the cell disruption and in the purification steps. For some experiments, clarified, but not FPLC-purified, enzyme extracts were used. Epimerase activities were quantified by measuring the liberation of tritium from [5- 3 H]alginate to water as described previously [19] . For NMR spectroscopy, unlabelled alginate containing less than 5 % G was used as substrate, except for the enzyme KA1, for which 38 of the spectra were obtained using pure mannuronan as substrate. These spectra do not differ significantly in epimerization pattern from those obtained using alginate containing less than 5 % G as substrate. The epimerizations were performed in a total volume of 6 ml containing 20 mM Mops (pH 6.9), 3 mM CaCl 2 and 7.5 mg of alginate. The desired degrees of epimerization were achieved by varying the amount of enzyme or the incubation time. NMR spectra were recorded on a Bruker DPX 400 (400 MHz) spectrometer, and the fractions F G , F M , F GG , F MM and F GM,MG were calculated from the integrated spectra as described by Grasdalen [20] . Labelled and unlabelled M-rich alginate were prepared from Pseudomonas aeruginosa [21] and contained less than 5 % G. Mannuronan (100 % M) was prepared from a P. fluorescens mutant harbouring a defective epimerase [22] . 23 mg) , these are the estimated amounts] were prepared separately. The calculated volumes, the amounts given above refer to the mixed solution, were then transferred to an NMR sample tube (total volume, 0.5 ml).
Spectra were recorded on a Bruker DPX 400 (400 MHz) spectrometer. To monitor the progress of a single epimerization, a series of several hundred successive 1 H-NMR spectra were recorded as described by Hartmann et al. [13] . Each spectrum was calculated from 64 scans and represents an average of 8 min. We chose to set the time for each result as the end-time for each uptake. Between each uptake, there was a pause of 1 min. The scanning for the first spectrum was started 10 min after the addition of the enzyme. The reactions were continued until the fraction of G no longer increased or for a maximum of 250 spectra.
RESULTS
Construction of hybrid epimerases by DNA-level exchanges of segments within the A modules of AlgE2 and AlgE4
To facilitate construction of hybrid enzymes and to simplify interpretations of results, we first synthesized a derivative of algE2 in which the DNA region encoding the four R modules was substituted with the single R-module-encoding region of algE4. The new protein, BL6, is thus similar to AlgE4 in terms of its modular structure ( Figure 1A ), and the two proteins differ only in the amino acid sequences of their A modules ( Figure 1B) . Consequently, any differences in enzyme properties between BL6 and AlgE4 must originate from the sequences of their A modules. The genes for these two enzymes and for AlgE2 were expressed in E. coli and the corresponding proteins were used to epimerize mannuronan. Since we had shown previously, using AlgE1 as a model, that the epimerization patterns are determined mainly by the A module [11] , we expected BL6 to generate a pattern similar to that of AlgE2. This also turned out to be the case (Figure 2 ). BL6 and AlgE4 could therefore be used as tools for a more detailed study of the structure-function relationships.
As it seemed most probable that more than one amino acid is responsible for the differences in the epimerization patterns generated by BL6 and AlgE4, we decided to exchange A-moduleencoding segments between these enzymes. The new hybrids were then expressed and analysed with respect to their catalytic activities and epimerization patterns. To simplify the construction work, we identified unique restriction sites in one or both of the A-module-encoding DNA sequences. In several cases, new restriction sites were made by site-specific mutagenesis in one or both of the genes, such that the same sites were present in both genes at the corresponding position, according to the alignment shown in Figure 1(B) . In no cases were amino acids introduced, which are not already present in AlgE4. This enabled us to divide the A modules into nine regions (numbered 1-9 in Figure 1B ). With these new constructs available, we could easily make the desired hybrid genes, and 46 such hybrids were constructed (Figure 3B ). All the enzymes were expressed in E. coli and, interestingly, activity measurements (radioisotope assays) showed that they were all sufficiently active to allow standard incubation conditions in the subsequent experiments.
Analyses of the epimerization patterns generated by the hybrid enzymes
The best way to analyse the epimerization pattern generated by an epimerase is to use NMR spectroscopy. However, since the epimerases are found to respond differently to the changes in the substrate, which take place as it becomes epimerized, spectra at several different degrees of epimerization need to be obtained for each enzyme [7] . This procedure is too laborious to be used for a detailed characterization of as many as 47 enzymes (the hybrids plus BL6). As a preliminary screening, we obtained one or more NMR spectra for all the enzymes at various degrees of epimerization of a substrate initially containing less than 5 % G. The epimerization patterns varied widely among the enzymes, indicating that the hybrids in many cases generate patterns that are different from both of their parent enzymes ( Figure 3A ). These observations are important, because they open new possibilities both in terms of biotechnological applications and for basic studies of the enzymes both in vitro and in vivo.
To assist in the inspection of the results shown in Figure 3 (A), we have included lines that indicate maximum and minimum values that can be theoretically obtained for the values displayed. For F GG (the fraction of GG dyads), the upper broken line indicates the maximum value that can be obtained for any given F G , since F GG can never exceed the corresponding F G . Similarly, the lower broken line shows the minimum value that F GG can have for any given F G . A line showing the theoretical F GG to be expected for an enzyme, which at all stages attacks all M residues with the same probability (random attack mechanism), is included. As can be seen, there are data points covering most of the area between the theoretical minimum F GG line and the data for BL6, whereas only very few data points are found in the region between those of BL6 and the theoretical maximum F GG line. Thus most or all of the hybrid enzymes display properties similar to or intermediate between those of the parent enzymes with respect to their G-blockforming capabilities. It has been shown earlier that AlgE4 can introduce some G blocks in M-rich alginate, but at a very low rate [12] . This can also be seen in Figure 3(A) for BL5, which has an amino acid sequence identical with AlgE4. Consequently, enzymes generating products with F GG values < 0.05 when F G is > 0.30 should not be considered significantly different from AlgE4.
Correlations between epimerization patterns and structural compositions of the enzymes
The epimerization products of the different hybrids shown in Figure 3 (A) seem to represent a continuum of properties between those of the two parent enzymes. As a first step in the analyses of these data, the enzymes were divided into five groups: GG, GGm, R, MGg and MG enzymes ( Figure 3B ). GG enzymes are similar to AlgE2/BL6, whereas MG enzymes are similar to AlgE4/BL5. R enzymes are those for which the formation of GG dyads as a function of the G fraction develops very similarly to the predictions of a random attack model. GGm enzymes introduce more G blocks than expected from a random attack model, but seem to introduce less than AlgE2 at least at some degree of epimerization. The MGg enzymes are those that are capable of introducing GG above a frequency of 0.05, but such that the data points are below the random attack line. All the AlgE4-type enzymes (MG enzymes) identified in the initial screen were reanalysed using excessive amounts of enzyme to distinguish them from the MGg enzymes.
By using this classification, some correlation between structure and epimerization patterns could be observed. Part I of Figure 3(B) shows how the properties of the enzymes were affected when the site of exchange was moved stepwise from the N-terminal end. A major change in the epimerization pattern is seen when the exchange includes region 6, indicating an important function for this region. This hypothesis is also consistent with part II of Figure 3(B) , where for all enzymes the epimerization patterns are similar to the enzyme from which region 6 originates.
Part III of Figure 3 (B) summarizes the results for the enzymes, where region 6, alone or together with regions 4, 5 or 8 (or combinations of them), is exchanged. Again, no enzyme-containing region 6 from AlgE4 generates more G blocks than that expected from a random epimerization pattern; most of them generate less. However, region 6 from AlgE2 alone (BL43) is not sufficient for the hybrid to generate more G blocks than expected for a random enzyme. The corresponding hybrid enzyme (BL42) still retains a significant ability to form G blocks. These results show that other regions also have an impact on the epimerization pattern. However, whereas exchange of region 6 causes a transition between mostly GG-and MG-forming enzymes, the exchange of some of the other regions causes more subtle modulations, for instance, between GG and GGm enzymes or between MG and MGg enzymes. Part III of Figure 3 Figure, an influence of these three regions, and also of regions 3 and 7, on the epimerization pattern are seen from the enzymes belonging to the GGm and MGg classes. In several cases, the effects seem to be dependent on the combination of several regions.
The enzyme KA1 was of particular interest since the spectra of its reaction products were similar to what one would expect if the enzyme were attacking its substrate according to a random attack mechanism. Since this could have implications for the understanding of how the enzymes act, we collected many more spectra for KA1 ( Figure 3A ). These additional experiments confirmed the initial hypothesis and also helped to assess the level of accuracy in the measurements shown in Figure 3(A) . None of the naturally occurring epimerases studied previously, displayed properties consistent with a random attack mechanism [12, 23] . Furthermore, for all in vivo produced alginates that have had their dyad frequencies determined, it can be shown that the G residues have been introduced by a non-random mechanism [3] .
Improved method for the calculation of GG dyads in time-resolved NMR spectroscopy
The experiments described above can provide only limited information about the way a particular enzyme generates its characteristic epimerization pattern. The epimerization reactions may be run directly in the NMR tube, allowing continuous recording of spectra as the catalytic reactions progress [13] . To follow the epimerization reactions quantitatively, the spectra have to be integrated and the fraction of the different dyads calculated. A technical obstacle in these procedures arises from the fact that 1 H-NMR spectroscopy of alginates are run in deuterated water, and when this solvent is present during the catalytic reaction, epimerization leads to an exchange of H-5 on G residues with deuterium. The G-5-G signal, which is normally used to estimate the G-block formation, then becomes undetectable by 1 H-NMR. MG-block alginate showing that the G-1-G signal is shifted higher than  the G-1-M signal The fraction of GG sequences may be calculated indirectly from the difference F G − F MG , but, as described by Hartmann et al. [13] , it is difficult to obtain an accurate estimate of F MG from the M-1-G peak, because it is positioned on top of the M-1 end signal. As shown in Figure 5 , the anomeric signal from guluronic acids shifts depending on the degree of epimerization, suggesting that the G-1 signal is sensitive to neighbouring residues. To verify this hypothesis, NMR spectra were run on homopolymeric G blocks and on alternating blocks. The G blocks (F G = 0.92) were prepared from Laminaria hyperborea outer cortex after fractionation [24, 25] , whereas the alternating blocks (F G = 0.47 and F GG = 0) were made by epimerization of mannuronan with AlgE4. The NMR spectra shown in Figure 4 demonstrate that G-1-G shift slightly up field of G-1-M. The splitting of the G-1 signal can therefore be used to calculate the relative amounts of MG and GG.
Analyses of the catalytic reactions by time-resolved NMR spectroscopy
To achieve a better understanding of how the different epimerization patterns are generated, three of the hybrids (KA1, TB5 and TB14) were studied in more detail by time-resolved NMR spectroscopy. KA1 was chosen because of its apparently random mode of action (R group). TB5 and TB14 were both classified as MGg enzymes; however, from the data points available (Figure 3A) , it appeared that TB5 generated G blocks somewhat more efficiently than TB14. BL6 was included as a reference (GG type).
Simple visual inspection of the spectra ( Figure 5 ) immediately confirmed that the relative rate by which the GG signals (G-1-G) develop compared with that of GM (G-1-M) varied strongly between the enzymes. BL6 clearly introduced relatively more GG at early stages of the reaction than the three hybrids, which appeared mostly to generate alternating structures in the same period. An interesting feature is the diminishing of the M-1-G signal towards the end of the reaction for all of the hybrid enzymes. The only way to achieve this is to epimerize the M residue in the triplet -GMG-. This was not observed for BL6; since F MG remained lower for this enzyme throughout the experiment, it cannot be excluded that BL6 is also capable of using -GMG-as a substrate. The G red -β signal seen for BL6 in Figure 6 shows that this enzyme, similar to AlgE2 [18] , has a weak lyase activity. This is not seen for any of the three hybrid enzymes, even though their final degrees of epimerization are approximately equal to that of BL6. The enzymic reaction was carried out in the spectrometer at 50 • C. Each spectrum shows an average of 8 min scans. The direction of the arrow indicates increasing reaction time. Since the reaction proceeds fastest in the beginning, the time between each spectrum shown here is less at the start of the reaction than towards the end to provide some detail. The notations are as described in the legend to Figure 2 .
Integration of the spectra (Figure 6 ) confirmed the results obtained by the single-point experiments (Figure 3 ). BL6 preferably introduces G in GG dyads as shown by the steeper slope of F GG as a function of F G compared with that of F MG . In contrast, the G blocks first accumulated at a very low rate relative to total G for TB5 and TB14, and then started to accumulate more rapidly at F G > 0.5. These enzymes are therefore similar to AlgE4 in the sense that they preferentially avoid epimerizing a G next to another G; however, in contrast with AlgE4 [13] , they have a significant capacity to do so. For KA1 the dyad frequencies, as a function of F G , developed according to a random attack mode.
Kinetic analyses of the reactions
The multiple NMR spectra shown in Figure 5 were recorded at fixed time intervals, allowing also kinetic analyses of the epimerization reactions. To do this, it had to be taken into account that the amount of epimerase per weight unit of freeze-dried total protein varied somewhat in the four preparations. Additionally, it has been shown previously that for AlgE4 the active form migrates as a 79 kDa protein in an SDS/polyacrylamide gel, while other forms (apparently inactive) are also present [12] . Similar observations were made in the present study, and the relative amount of the active form (79 kDa) was not constant. To compensate for these differences, the amounts of assumed active protein were estimated from a Coomassie Blue-stained SDS/polyacrylamide gel. The results could then be used to visualize rates for introducing G and the dyads GG and MG (Figure 7) . In this Figure, the slopes of the curves are proportional to the specific activity of each enzyme. TB5 clearly has a much higher epimerization rate than the three other enzymes. For BL6, it is seen that the initial rate for introducing G blocks is lower than for TB5, indicating a
Figure 6 Fraction of GG and MG versus degree of conversion (F G ) by the BL6 (ᮀ), KA1 (᭝), TB5 (᭜) and TB14 (×) epimerases
The thin line represents AlgE4, whereas the thick line represents a randomly epimerized alginate. The parameters were calculated by integration of the spectra in Figure 5 .
need for preformed G residues to obtain the maximum rate. At higher F G , the rate of forming GG dyads is similar for TB5 and BL6, and it is at all times significantly lower for KA1 and TB14. TB5 introduced MG dyads much faster than the other three, which display approximately the same rates for increasing F MG . Note also that although TB5 and TB14 have similar epimerization patterns, TB5 has a significantly higher epimerization rate for both dyads. These results indicate that the epimerization pattern made by any enzyme is determined by the relative rates of introducing MG and GG displayed by that enzyme.
DISCUSSION
The results obtained in the present study showed that one can generate new active epimerases by randomly exchanging corresponding parts of the AlgE4 and AlgE2 A modules. Secondly, many of the new hybrid enzymes generated epimerization patterns different from those of the parent enzymes. Among these was an enzyme that appeared to epimerize according to a random attack model (KA1).
In recent studies regarding the reaction mechanisms of AlgE2 and AlgE4, it was found that AlgE4 probably epimerizes the polymer in a processive manner, whereas AlgE2 probably acts by a preferred attack mechanism where the affinity for the substrates depends on preexisting G residues [23, 26, 27] . From a structural point of view, the repeating unit in a segment of mannuronic acid residues can be considered as being composed of two residues (Figure 8 ). AlgE4, making alternating structures, can then be processive by moving two residues (one repeating unit) along the strand in each catalytic step. In contrast, if two consecutive The parameters were calculated by integration of the spectra in Figure 5 . The specific epimerization rates are proportional to the slopes of the graphs. residues were to be epimerized (to make G blocks), a processive enzyme would need to rotate 180
• relative to the polymer strand. It seems that AlgE2 may have achieved its ability to make G blocks by losing the processivity and developing a preference for a G residue next to the residue bound at the catalytic site. This is also consistent with the significantly lower reaction rate observed for G-block-forming epimerases relative to MG-block-forming enzymes [28] .
Time-resolved NMR of the epimerization reactions of TB5, TB14, KA1 and BL6 showed that only TB5 is capable of generating MG dyads at a high rate, whereas the rate of introducing GG dyads is similar to that of AlgE2. TB5 is the only enzyme among the four that contains region 6 from AlgE4, whereas both TB5 and TB14 contain region 5 from AlgE4. The single-point experiments summarized in Figure 3 show that region 6 from AlgE4 alone is sufficient to alter the epimerization pattern of AlgE2. The effect of region 5 on the other hand seems to be less prominent, the difference between BL42 containing only region 6 from AlgE4 and TB5 is fairly weak. These results indicate that amino acids in region 6 could be important for the processivity of AlgE4, The preferred residue is shown in boldface; if the epimer is accepted, it is written in parentheses. The alginate molecule is drawn as a stretched polymer; the actual angles of the 1-4 bonds of the polymer when bound to the enzyme are unknown. Note that the smallest repeated unit in an alginate chain is a dimer.
although the possibility of a co-operation between regions 5 and 6 cannot be excluded.
Enzymes that act according to a processive or preferred attack mechanism must recognize more than one residue in the polymer substrate. The epimerization pattern of AlgE2 might thus be explained by assuming that the enzyme can recognize a minimum of four consecutive residues [23] as illustrated in Figure 8(A) . The catalytic site (+ 1) must bind an M, whereas the epimerase will prefer a G residue at site − 1. Site − 2 preferably will recognize a G residue to elongate existing G blocks, but an M residue is also readily accepted. AlgE2 seems to prefer the substrate -G/ MGMM- [23] , thus site + 2 preferably binds an M residue. For an MG-block-forming enzyme using a preferred attack mechanism, subsites − 1, + 1 and + 2 each must bind an M residue, whereas − 2 preferably would bind a G residue ( Figure 8B ). Considering the difference in structure between oligomers containing G and M (Figure 8) , it is quite conceivable that a subsite may differentiate between them. Not only will the angles be different, but also more important is the fact that the bulky, negatively charged carboxy group will be in a different position.
The present study has demonstrated that region 6 is important for the epimerization pattern, and the sequence alignment in Figure 1 shows 15 differing amino acids in this region. Yet, the family of secreted AlgE epimerases comprises three MG-and six GG-forming A modules [7] . When all these sequences are compared, only two amino acid changes in region 6 are found to correlate with the epimerization pattern: amino acid 233 is a His in the GG formers (Phe in AlgE7) and a Leu or Gln in the MG formers. Similarly, amino acid 235 is a Tyr in the GG formers (Glu in AlgE6) and Ser or Thr in the MG formers. Region 8 also seemed to have an impact on the epimerization pattern; in this region all MG formers have a Phe as amino acid 307, whereas all GG formers have a Tyr residue. The other differences in amino acids in this region do not seem to correlate with the epimerization pattern. In region 4, the sequence LVDS (amino acids 180-183) in the MG-forming enzymes, is changed to QI/VGG/A in the GG-forming ones. No amino acid changes correlating with the epimerization pattern are found in region 5.
What emerges from the present study is that the epimerization pattern created by any epimerase is determined by the relative rates of introducing GG and MG. The GG-forming rate is determined by the affinity for G at subsite − 1, and by the ability to accept a G at subsite + 2. A high MG-forming rate is dependent on the processivity of the enzyme and a specificity for M at subsite − 1. The exact mechanisms by which the different patterns are generated are difficult to unravel in the absence of a detailed understanding of the molecular structure of the epimerases and their interactions with the substrate. Yet, the biochemical studies reported here identified some regions important for the subsite specificity or processivity of the enzymes. Since the epimerization patterns are of crucial importance both in the biotechnological uses of alginates and for their biological functions, these findings should stimulate many further studies.
